Twenty-seven chromium, twenty-five manganese, thirty-one nickel and twenty-six copper isotopes have so far been observed and the discovery of these isotopes is discussed. For each isotope a brief synopsis of the first refereed publication, including the production and identification method, is presented.
Introduction
The discovery of the chromium, manganese, nickel and copper isotopes is discussed as part of the series summarizing the discovery of isotopes, beginning with the cerium isotopes in 2009 [1] . Guidelines for assigning credit for discovery are
(1) clear identification, either through decay-curves and relationships to other known isotopes, particle or γ-ray spectra, or unique mass and Z-identification, and (2) publication of the discovery in a refereed journal. The authors and year of the first publication, the laboratory where the isotopes were produced as well as the production and identification methods are discussed. When appropriate, references to conference proceedings, internal reports, and theses are included. When a discovery includes a half-life measurement the measured value is compared to the currently adopted value taken from the NUBASE evaluation [2] which is based on the ENSDF database [3] . In cases where the reported half-life differed significantly from the adopted half-life (up to approximately a factor of two), we searched the subsequent literature for indications that the measurement was erroneous. If that was not the case we credited the authors with the discovery in spite of the inaccurate half-life.
The first criterion is not clear cut and in many instances debatable. Within the scope of the present project it is not possible to scrutinize each paper for the accuracy of the experimental data as is done for the discovery of elements [4] . In some cases an initial tentative assignment is not specifically confirmed in later papers and the first assignment is tacitly accepted by the community. The readers are encouraged to contact the authors if they disagree with an assignment because they are aware of an earlier paper or if they found evidence that the data of the chosen paper were incorrect.
The second criterion affects especially the isotopes studied within the Manhattan Project. Although an overview of the results was published in 1946 [5] , most of the papers were only published in the Plutonium Project Records of the Manhattan Project Technical Series, Vol. 9A, Radiochemistry and the Fission Products," in three books by Wiley in 1951 [6] . We considered this first unclassified publication to be equivalent to a refereed paper.
The initial literature search was performed using the databases ENSDF [3] and NSR [7] of the National Nuclear Data
Center at Brookhaven National Laboratory. These databases are complete and reliable back to the early 1960's. For earlier references, several editions of the Table of Isotopes were used [8] [9] [10] [11] [12] [13] . A good reference for the discovery of the stable isotopes was the second edition of Aston's book "Mass Spectra and Isotopes" [14] .
Discovery of 42−68 Cr
Twenty-seven chromium isotopes from A = 42 − 68 have been discovered so far; these include 4 stable, 9 proton-rich and 14 neutron-rich isotopes. According to the HFB-14 model [15] , 77 Cr should be the last odd-even particle stable neutron-rich nucleus while the even-even particle stable neutron-rich nuclei should continue through 84 Cr. At the proton dripline 40 Cr and 41 Cr should still be particle stable. Thus, about 15 isotopes have yet to be discovered corresponding to about 36% of all possible chromium isotopes. Figure 1 summarizes the year of first discovery for all chromium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive chromium isotopes were produced using deep-inelastic reactions (DI), light-particle reactions (LP), neutron capture (NC), spallation (SP), heavy-ion fusion evaporation (FE) and projectile fragmentation of fission (PF). The stable isotopes were identified using mass spectroscopy (MS). Heavy ions are all nuclei with an atomic mass larger than A=4 [16] . Light particles also include neutrons produced by accelerators. In the following, the discovery of each chromium isotope is discussed in detail and a summary is presented in Table 1 .
42 Cr
In the paper "First Observation of the T z = −7/ 43 Cr was determined via maximum-likelihood analysis of the time spectrum to be 21
+4
−3 ms, which agrees with the presently accepted value of 21.6(7) ms.
44 Cr
The 1987 paper "Direct Observation of New Proton Rich Nuclei in the Region 23≤Z≤29 Using A 55A·MeV 58 Ni
Beam" reported the first observation of 44 Cr at GANIL by Pougheon et al. [19] . The fragmentation of a 55 A·MeV 58 Ni beam on a nickel target was used to produce proton-rich isotopes which were separated with the LISE spectrometer. Undiscovered, predicted to be bound 46 Ti(α,n). A Wulf quartz fiber electrometer connected to a Freon filled ionization chamber was used to measure decay and absorption curves. "Since chemical separation shows that the 41.9-minute activity, produced by alpha-particle bombardment of titanium and by fast neutron bombardment of chromium is an isotope of chromium and since this period has not been found by proton bombardment of vanadium or deuteron bombardment of chromium, the activity must evidently be due to 49 Cr." This 41.9(3) min half-life agrees with the accepted half-life measurement of 42.3(1) min.
50 Cr
The discovery of stable 50 Cr was reported in the 1930 paper "Constitution of Chromium" by Aston [26] . 50 Cr was observed with the Cavendish mass spectrometer using the volatile compound Cr(CO) 6 . "The intensity of the beam of mass-rays has been so increased that not only has it been possible, by the fine slits, to obtain a value for the packing fraction of Cr 52 but also, by the use of coarse slits and long exposures, to reveal no less than three new isotopes, and to determine their relative abundances..." The three new isotopes were 50 Cr, 53 Cr and 54 Cr.
51 Cr
In the paper "K-Electron Capture and Internal Conversion in Cr 51 ", Walke et al. described their discovery of 51 Cr in 1940 [27] . At Berkeley, a sample of metallic titanium was bombarded with 16-MeV alpha particles and 51 Cr was produced in the reaction 48 Ti(α,n). Electrons, X-rays and γ-rays were recorded. "As a result of these experiments we have failed to observe the 600-day vanadium activity which is consistent with the previous assignment to V 47 The discovery of the stable isotopes 53 Cr and 54 Cr was reported in the 1930 paper "Constitution of Chromium"
by Aston [26] . 50 Cr was observed with the Cavendish mass spectrometer using the volatile compound Cr(CO) 6 . "The intensity of the beam of mass-rays has been so increased that not only has it been possible, by the fine slits, to obtain a value for the packing fraction of Cr 52 but also, by the use of coarse slits and long exposures, to reveal no less than three new isotopes, and to determine their relative abundances. 65 Cr, 66 Cr, and 67 Cr for the first time in 1997 as reported in their paper "Discovery and cross-section measurement of 58 new fission products in projectile-fission of 750·A MeV 238 U" [45] . Uranium ions were accelerated to 750 A·MeV by the GSI UNILAC/SIS accelerator facility and bombarded a beryllium target. The isotopes produced in the projectile-fission reaction were separated using the fragment separator FRS and the nuclear charge Z for each was determined by the energy loss measurement in an ionization chamber. "The mass identification was carried out by measuring the time of flight (TOF) and the magnetic rigidity Bρ with an accuracy of 10 Twentyfive manganese isotopes from A = 46 − 70 have been discovered so far; these include 1 stable, 9 proton-rich and 15 neutron-rich isotopes. According to the HFB-14 model [15] , 78 Mn should be the last odd-odd particle stable neutron-rich nucleus while the odd-even particle stable neutron-rich nuclei should continue through 87 Mn. The proton dripline has been reached and no more long-lived isotopes are expected to exist because 44 Mn and 45 Mn have been
shown to be unbound with upper lifetime limits of 105 ns and 70 ns, respectively [18] . About 13 isotopes have yet to be discovered corresponding to 34% of all possible manganese isotopes. Figure 2 summarizes the year of first discovery for all manganese isotopes identified by the method of discovery.
The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive manganese isotopes were produced using deep-inelastic reactions (DI), heavy-ion fusion-evaporation (FE), light-particle reactions (LP), neutron-capture reactions (NC), and projectile fragmentation of fission (PF). The stable isotope was identified using mass spectroscopy (MS). Heavy ions are all nuclei with an atomic mass larger than A=4 [16] . Light particles also include neutrons produced by accelerators. In the following, the discovery of each manganese isotope is discussed in detail and a summary is presented in Table 1 .
46,47 Mn
Beam", reported the first observation of 46 Mn and 47 Mn by Pougheon et al. [19] . The fragmentation of a 55 A·MeV
58 Ni beam at GANIL on a nickel target was used to produce proton-rich isotopes which were separated with the LISE spectrometer. Energy loss, time of flight, and magnetic rigidity measurements were made such that "two additional Mn The isotopes were separated by mass in a magnetic sector field and identified by γ-and β-ray decay spectroscopy. "After accounting for single and double escape peaks as well as for peaks due to summing with 511 keV annihilation radiation, and leaving the γ-lines at 1660 and 2167 keV unassigned, 16 γ-transitions were ascribed to the decay of 48 Mn." A half-life of 150 (10) the (n,p) charge exchange reaction. The γ-ray spectrum was examined with a NaI(T1) scintillation spectrometer, while the β-ray spectrum was analyzed with an anthracene scintillation spectrometer. The isotope "was identified by chemical separations, by measurement of its formation and cross section, by investigation of possible impurity effects, and by comparison of its gamma spectrum with that of 57 Co." The recorded half-life of 1.7(1) min is in agreement with the accepted value of 85.4(18) s. A previous attempt to observe 57 Mn was not successful [57] . [41] was not considered to be sufficient to warrant discovery.
67−69 Mn
Bernas et al. observed 67 Mn, 68 Mn, and 69 Mn for the first time in 1997 as reported in their paper "Discovery and cross-section measurement of 58 new fission products in projectile-fission of 750·A MeV 238 U" [45] . Uranium ions were accelerated to 750 A·MeV by the GSI UNILAC/SIS accelerator facility and bombarded a beryllium target. The isotopes produced in the projectile-fission reaction were separated using the fragment separator FRS and the nuclear charge Z for each was determined by the energy loss measurement in an ionization chamber. "The mass identification was carried out by measuring the time of flight (TOF) and the magnetic rigidity Bρ with an accuracy of 10 87 Ni should be the last odd-even particle stable neutron-rich nucleus while the even-even particle stable neutron-rich nuclei should continue through 94 Ni. At the proton dripline 47 Ni could still be particle stable. Thus, about 14 isotopes have yet to be discovered corresponding to about 31% of all possible nickel isotopes. 
deep-inelastic reactions (DI), heavy-ion fusion-evaporation (FE), light-particle reactions (LP), neutroninduced fission (NF), charged-particle induced fission (CPF), neutron-capture reactions (NC), heavy-ion transfer (TR), and projectile fragmentation of fission (PF). The stable isotope was identified using mass spectroscopy (MS). Heavy ions
are all nuclei with an atomic mass larger than A=4 [16] . In the following, the discovery of each nickel isotope is discussed in detail and a summary is presented in Table 1 .
48 Ni
In the paper "Discovery of Doubly Magic reported the discovery of 50 Ni by Blank et al. [64] . A 650 MeV/nucleon beam of 58 Ni from the SIS synchrotron bombarded a beryllium target and 50 Ni was separated and identified using the FRS separator. "For the yet-unobserved isotope 50 Ni, we find three counts which fulfill the conditions we impose on the TOF, on the energy loss, and on the position at the final focus."
51,52 Ni
Beam," reported the first observation of 51 Ni and 52 Ni by Pougheon et al. [19] . The fragmentation of a 55 A·MeV 58 Ni beam at GANIL on nickel and aluminum targets was used to produce proton-rich isotopes which were separated with the LISE spectrometer. Energy loss, time of flight, and magnetic rigidity measurements were made. "Here, 52 Ni ( this is close to the adopted value of 104 (7) ms.
55 Ni
In the paper entitled "New Proton-Rich Nuclei in the f 7/2 Shell," Proctor et al. 
58 Ni
In the paper "The Constitution of Nickel," Aston described the discovery of stable 58 Ni in 1921 [71] . At the Cavendish Laboratory in Cambridge, England a discharge tube with a mixture of nickel carbonyl vapor and carbon dioxide was used to obtain mass spectra. "The spectrum consists of two lines, the stronger at 58 and the weaker at 60... Nickel therefore consists of at least two isotopes." 
60 Ni
In the paper "The Constitution of Nickel," Aston described the discovery of stable 60 Ni in 1921 [71] . At the Cavendish Laboratory in Cambridge, England a discharge tube with a mixture of nickel carbonyl vapor and carbon dioxide was used to obtain mass spectra. "The spectrum consists of two lines, the stronger at 58 and the weaker at 60... Nickel therefore consists of at least two isotopes."
4.13.

61,62 Ni
The discovery of the stable isotopes 61 Ni and 62 Ni was published in the 1934 paper "Constitution of Carbon, Nickel,
and Cadmium" by Aston [69] . The isotopes were identified with the Cavendish Laboratory mass spectrograph. "The analysis of nickel by means of its carbonyl has been repeated, and the more intense mass-spectra obtained reveal two new isotopes 62 and 61."
4.14. 
64 Ni
The existence of stable 64 Ni was demonstrated by deGier and Zeeman at the University of Amsterdam in 1935 and reported in the paper "The Isotopes of Nickel" [77] . Volatile carbonyl of nickel was used in a discharge tube in front of a mass spectrograph. "The very first photos were already interesting. Line 56 was absent and 64 was clearly visible... 
66 Ni
The discovery of [89] . The results of this report were subsequently published in a conference proceeding [90] , however, publication in a refereed journal occurred only three years later [87] .
Discovery of 55−80 Cu
Twentysix copper isotopes from A = 55 − 80 have been discovered so far; these include 2 stable, 9 proton-rich and 15
neutron-rich isotopes. According to the HFB-14 model [15] , 92 Cu should be the last odd-odd particle stable neutron-rich nucleus while the odd-even particle stable neutron-rich nuclei should continue through 103 Cu. 55 Cu is the most protonrich long-lived copper isotope because 54 Cu has been shown to be unbound with an upper half-life limit of 75 ns [64] .
About 18 isotopes have yet to be discovered corresponding to 41% of all possible copper isotopes. Figure 4 summarizes the year of first discovery for all copper isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive copper isotopes were produced using deep-inelastic reactions (DI), heavy-ion fusion-evaporation (FE), light-particle reactions (LP), neutroninduced fission (NF), charged-particle induced fission (CPF), photo nuclear reactions (PN), spallation (SP), and projectile fragmentation of fission (PF). The stable isotope was identified using mass spectroscopy (MS). Heavy ions are all nuclei with an atomic mass larger than A=4 [16] . Light particles also include neutrons produced by accelerators. In the following, the discovery of each copper isotope is discussed in detail and a summary is presented in Table 1 .
55,56 Cu
Beam", reported the first observation of 55 Cu and 56 Cu by Pougheon et al. [19] . The fragmentation of a 55 A·MeV 58 Ni beam at GANIL on nickel and aluminum targets was used to produce proton-rich isotopes which were separated with the LISE spectrometer. Energy loss, time of flight, and magnetic rigidity measurements were made. "The spectra show evidence for 56 Cu and 55 Cu (1420 and 75 events respectively)."
57 Cu
Vieira et al. reported the observation of excited states of 57 Cu in 1976 in the paper "Extension of the T z = −3/2
Beta-Delayed Proton Precursor Series to 57 Zn" [65] . The Berkeley 88-in. cyclotron accelerated 20 Ne beams to 62 and 70
MeV which then bombarded calcium targets and 57 Zn was produced in the fusion-evaporation reaction 40 Ca ( 61 Cu, which they outlined in their paper "Artificial Radioactivity Produced by Alpha-Particles" [97] . Alpha particles accelerated to 9 MeV by the Princeton cyclotron bombarded nickel targets and 61 Cu was produced in the reaction 58 Ni(α,p). The positron emissions were measured through their absorption in aluminum and the element assignment was achieved by chemical separation. 
63 Cu
In the paper entitled "The Mass-spectrum of Copper" Aston published the discovery of stable 63 Cu in 1923 [101] .
Mass spectra were taken with cuprous chloride in the accelerated anode ray method. "The lines are faint, but their evidence is conclusive since they appear at the expected positions 63 and 65 and have the intensity ratio, about 2.5 to 1, predicted from the chemical atomic weight 63.57."
64 Cu
Van Voorhis reported the discovery of 64 Cu in the 1936 paper "The Artificial Radioactivity of Copper, a Branch
Reaction" [102] . Copper targets were bombarded with 5 to 6 MeV deuterons accelerated with the Berkeley "magnetic resonance accelerator or cyclotron." The activities were measured with a pressure ionization chamber and FP-54 Pliotron.
The upper boundaries of energy were studied, as well as absorption curves for the positron and electron activities that were analyzed from data taken in an ionization chamber. "...the half-life of both positron and electron activities was found to be exactly the same, a more exact measurement giving the value 12.8±0.1 hours." This half-life measurement is in accordance with the accepted value of 12.701(2) h. A previous report of a stable 64 Cu isotope [100] was evidently incorrect.
65 Cu
In the paper entitled "The Mass-spectrum of Copper" Aston published the discovery of stable 65 Cu in 1923 [101] .
66 Cu
In 1937 Chang et al. described the observation of 66 Cu in "Radioactivity Produced by Gamma Rays and Neutrons of High Energy" [103] . Deuterons accelerated by a voltage of 520 kV were used to produce neutrons: "In gallium bombarded with neutrons from lithium + deuterons and boron + deuterons a new radioactivity decaying with a half-period of about 75 Cu in 1985 as described in "Delayed neutron precursor 75 Cu" [108] .
Fragments from neutron-induced fission of 235 U were extracted from a FEBIAD ion source at Brookhaven and 75 Cu was separated and identified with the TRISTAN on-line isotope separator facility. "A new delayed neutron precursor with a half-life of 1.3±0.1 s has been observed at mass 75... Mass formula and fission yield predictions indicate that 75 Cu is the most likely precursor." This half-life is consistent with the presently adopted value of 1.224(3) s. 78 Cu is included in the weighted average for the currently accepted value of 335(11) ms and the half-life obtained for 79 Cu corresponds to the presently accepted value.
80 Cu
In 1995 Engelmann et al. reported the discovery of 80 Cu in "Production and Identification of Heavy Ni Isotopes:
Evidence for the Doubly Magic Nucleus 78 28 Ni" [88] . 238 U ions were accelerated in the UNILAC and the heavy-ion synchrotron SIS at GSI to an energy of 750 A-MeV. 80 Cu was produced by projectile fission, separated in-flight by the FRS and identified event-by-event by measuring magnetic rigidity, energy loss and time of flight. "For a total dose of 10 13 U ions delivered in 132 h on the target three events can be assigned to the isotope 78 Ni. Other new nuclei, 77 Ni, 73, 74, 75 Co and 80 Cu can be identified, the low count rate requires a background-free measurement." A total of four events of 80 Cu were observed.
Summary
The discoveries of the known chromium, manganese, nickel, and copper isotopes have been compiled and the methods of their production discussed.
With a few exceptions the discovery of the chromium isotopes was straightforward. The half-life measurement of 46 Cr was initially incorrect and the half-life of 47 Cr did at first not have a firm element nor mass assignment. It took about 15 years following the first reports to determine and assign the correct half-life of 55 Cr. Searches for 56 Cr were initially unsuccessful.
The limit for observing long lived manganese isotopes beyond the proton dripline which can be measured by implantation decay studies has been reached with the discovery of 46 Mn and the determination of upper limits for the half-lives of 105 ns and 70 ns for 44 Mn and 45 Mn, respectively. The discovery of the manganese isotopes was fairly straightforward.
The half-lives of 49 Mn, 50 Mn, and 51 Mn had been measured initially without a firm mass assignment.
The identification for most nickel isotopes was straightforward. The few exceptions included the tentative claim that 56 Ni was stable, and an incorrect half-life measurement for 67 Ni which was corrected only 18 years later. Also, the half-life of 65 Ni was initially assigned to 63 Ni.
The predicted proton dripline has been reached for copper and it might be possible to observe two additional longlived isotopes beyond the proton dripline. The identification of the proton rich isotopes has been difficult. The half-lives of 61 Cu and 66 Cu had been measured initially without a firm mass assignment. The first half-life measurements of 58 Cu and 60 Cu were incorrect and the half-life of 59 Cu was at first assigned to 58 Cu. In addition, 62 Cu, 64 Cu and 66 Cu were initially incorrectly identified as stable isotopes. Tables   Table 1. Discovery 
Explanation of
